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We suggest a quantum simulator that allows to study the role of memory effects in the dynamics
of open quantum systems. Our proposal is based on a bipartite quantum system consisting, for
simplicity, of a harmonic oscillator and a few-level system; it exploits the formal analogy between
dissipation and quantum measurements. The interaction between the subsystems gives rise to
quantum Zeno dynamics, and the dissipation strength experienced by the harmonic oscillator can
be tuned by changing the parameters of the measurement, i.e., the interaction with the few-level
system. Extension of the proposal to anharmonic systems is straightforward.
Quantum simulation uses a controllable quantum sys-
tem to study another less controllable quantum system
[1]. It promises to advance the study of many-body dy-
namics in condensed matter physics [1], but application
to open quantum systems is also most natural [2–17].
Quantum simulation of open quantum system dynamics
can be based on algorithmic methods [7–9, 11], stochas-
tic Hamiltonians [12] and Hamiltonian ensembles [15],
or stochastic quantum walks [13]. Experimental real-
izations to date have focussed on qubit dynamics, en-
coding the system in trapped ions [3], photon polariza-
tion [4, 6, 16, 17] and nuclear spins [10], but more com-
plex systems such as the light harvesting complex have
also been suggested [5]. A key interest in the quantum
simulation of open quantum systems is the controllable
transition from Markovian to non-Markovian dynamics.
It implies the ability to study memory effects and is mo-
tivated in a two-fold way. First, non-Markovian dynam-
ics are ubiquitous in condensed phase [18], encountered
in settings as different as light harvesting or solid-state
based quantum technologies, but inherently difficult to
describe and study [19]. Second, memory effects may
present a resource that can be exploited [20, 21]. For
example, non-Markovian dynamics were shown to allow
for more efficient cooling [22], better quantum commu-
nication [23, 24], and improved quantum gate opera-
tion [25, 26]. The different physical aspects underlying
these improvements are captured by the various measures
to quantify non-Markovianity [27, 28]. The transition
from Markovian to non-Markovian dynamics is compar-
atively easy to achieve when system and environmental
degrees are carried by the same physical object, for ex-
ample the polarization and frequency of a photon [4, 16].
However, for a multi-partite implementation of the open
system simulator one needs to engineer suitable environ-
mental correlations or a sufficiently strong interaction
between system and environment for memory effects to
come into play. The latter has been realized by imple-
menting the simulated interaction between system and
environment by quantum circuits [10], whereas the for-
mer is possible when using controllable systems to repre-
sent the environment, such as quantum inductor-resistor-
capacitor oscillators in a superconducting qubit architec-
ture [5].
Here, we provide a general framework for inducing
and tailoring essentially arbitrary open system dynam-
ics based on quantum measurements. To this end, the
system is coupled to a meter which is measured destruc-
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FIG. 1. (Color online) Analogy between the indirect mea-
surement of a system ρs using a meter ρm (top left) and an
open quantum system (top right). Bottom: Energy level di-
agram of a bipartite system consisting of a harmonic oscil-
lator and a few-level system, interacting with three external
fields—the drive S of the harmonic oscillator (red), and two
Zeno pulses Zz=1 (green, open notched arrowhead) and Zz=2
(blue, notched arrowhead) addressing the levels |z = 1〉 and
|z = 2〉. Arrows with solid (dashed) lines indicate resonant
(off-resonant) transitions.
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2tively after a short interaction time, cf. Fig. 1 (top). In
the limit of quasi-continuous measurements, this leads to
confinement of the systems dynamics to a specific sub-
space, i.e., to quantum Zeno dynamics [29]. We show
here that the control available in the measurement pro-
cess can be used to tune the system dynamics from being
memory-less to exhibiting effects of memory.
Theoretical framework — For simplicity, we take
the system that is connected to a tunable source of
dissipation to be a harmonic oscillator (HO), Hˆs =∑
n ωn |n〉 〈n|, where we have set the vacuum energy to
zero (~ = 1 throughout). It would also be possible to
assume a finite n-level system instead for achieving qual-
itatively the same results. The system is coupled to a
meter which we model by a three-level system with states
|g〉, |e〉, and |h〉, Hˆm = ω′ |g〉 〈g| +
(
ω + ω′
) |e〉 〈e|. The
energy of |h〉 is set to zero and the |g〉 ↔ |e〉 transition
is resonant with the HO transition frequency ω while the
|h〉 ↔ |g〉 transition is far off-resonant with ω  ω′. The
meter can easily consist of more than three levels but
existence of one resonant and at least one off-resonant
transition is essential. The resulting coupling, in the in-
teraction picture with respect to the drift Hamiltonian,
Hˆ0 = Hˆs + Hˆm, and using the rotating wave approxima-
tion, can then be described by a Jaynes-Cummings type
interaction [30],
Hˆsm =
Ω
2
(
σˆ-aˆ
† + σˆ+aˆ
)
(1)
with Rabi frequency Ω, σˆ- = |g〉 〈e| = σˆ†+, and cre-
ation and annihilation operators aˆ(†) for the HO. The
eigenstates of Hˆsm are the dressed states |g, 0〉, and
|±, n〉 = 1√
2
(|e, n− 1〉 ± |g, n〉) for n ≥ 1 with eigenen-
ergies E±n = ωn ± Ω2
√
n [30], cf. Fig. 1 (bottom). In
addition to its coupling to the meter, the HO is driven
by a resonant classical source S with field strength α,
HˆS = αaˆ
† + α∗aˆ . (2)
We assume the drive to be weak compared to the coupling
with the meter, α  Ω, such that the HO will only be
driven if the meter is in |h〉. In this limit, HˆS will induce
a displacement β = −iατ of the HO’s state , UˆS(τ) =
e−iHˆSτ = eβaˆ
†−β∗aˆ.
A tunable source of dissipation is introduced by a series
of indirect measurements of the HO’s state using identi-
cal meters, cf. Fig. 1 (top). These measurements shall
determine whether the HO is in a specific Fock state |z〉,
the ’Zeno level’. To this end, HO and meter are coupled
by a so-called Zeno pulse Zz with coupling strength ωz
which is resonant to the |h, z〉 ↔ |+, z〉 transition,
Hˆz =
ωz
2
(
|h, z〉 〈+, z|+ |+, z〉 〈h, z|
)
, (3)
cf. Fig. 1 (bottom). If and only if the HO is in the
Zeno level, Zz will induce Rabi oscillations, Uˆz(τ) =
e−iHˆzτ = e(|h,z〉〈+,z|+|+,z〉〈h,z|)φz/2, accumulating a Rabi
angle φz = ωzτ during the interaction time τ . Thus,
there will only be population in the state |+, z〉 if there
was population in |z〉 initially. A subsequent destructive
measurement of the meter at time τ , corresponding to a
partial trace over the meter, thus provides information
on the population of |z〉 [29]. The state of the HO at the
end of one time interval τ can be obtained in terms of
piecewise dynamics,
ρˆs(t+ τ) = Trm
{
Uˆ(τ)ρˆ(t)Uˆ†(τ)
}
(4)
with Uˆ(τ) = e−i(HˆS+Hˆsm+HˆZ)τ and ρˆ (ρˆs) denoting the
density operator of the bipartite system (the HO). The
procedure of coupling the HO to a meter during time τ
and performing a destructive measurement of the meter
afterwards is repeated several times, with the new meter
initially always in |h〉. For small displacements, |β|  1,
of the HO in between two measurements, the protocol
gives rise to quantum Zeno dynamics (QZD) [29, 31, 32].
Hence, when choosing an initial state of the system be-
low the Zeno level, |n0 < z〉, the dynamics is confined
to the Zeno subspace H<Z = {|0〉 , . . . , |z − 1〉}. The dis-
placement β, due to the drive S, and the Rabi angle φz,
due to the Zeno pulse Zz, act as “knobs” to control the
dynamics of the quantum simulator as we show below.
The proposed scheme can be realized experimentally
in several ways. In cavity or circuit QED, the HO corre-
sponds to a cavity mode while three neighboring circular
states of a Rydberg atom flying through the cavity [29]
or a superconducting qubit coupled to the cavity [33] en-
code the three-level system. The example of a cavity
QED implementation is discussed in more detail in the
Supplemental Material (SM) [34]. Similarly, a common
vibrational mode of trapped ions together with ion qubit
states also realize the envisioned bipartite system [35].
However, the system does not need to be harmonic for
the model to work. The model is even more general since
the system does not have to be bipartite—it is sufficient
to identify two different subspaces in the quantum sys-
tem: a ‘system’ and a ‘meter’ part and carry out a state-
selective measurement of the ‘system’ using the ‘meter’.
An example for a unary realization would be a Bose-
Einstein condensate (BEC) with hyperfine ground state
levels encoding the system [36]. In this case, the open
quantum system is matter-based, instead of photonic as
in the cavity or circuit QED setup. In general, realization
of our proposal requires three conditions to be met: (i)
existence of a ‘system’ part whose dynamics are decou-
pled from the ‘meter’ part when driven by a source S, (ii)
selective excitation of system states by driving transitions
in the meter using the Zeno pulse Zz, (iii) subjecting me-
ter states to dissipation. Dissipation can be introduced
by projective measurement of the meter, or it can be nat-
ural such as a fast decay. In the BEC example, the Zeno
pulse drives transitions to an excited state hyperfine ma-
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FIG. 2. (Color online) Infidelity PZ¯ of the quantum Zeno dy-
namics, dissipation SL, and non-Markovianity measure NBLP
as a function of the displacement β due to the classical drive S
and the Rabi angle φ2 accumulated due to the Zeno pulse Z2.
Inset: NBLP as a function of φ2 for β = 0.025 (blue dotted,
highest peaks), 0.050 (red dashed) and 0.075 (green dash-
dotted, smallest peaks) with linearly increasing peak heights.
nifold [36] such that the meter is subject to spontaneous
decay.
Simulating an open quantum system — To illustrate
the implementation of the simulator, we choose the over-
all protocol duration such that −iαT = 2pi, take the ini-
tial state to be |n0 = 0〉 and the Zeno level |z = 2〉 such
that QZD occurs in the two-dimensional Zeno subspace
HZ = {|0〉 , |1〉}. To quantify the amount of dissipation,
we use the linear entropy, SL = 1−Tr{ρˆ2}; and the pop-
ulation PZ¯ that has escaped from the Zeno subspace HZ ,
PZ¯ =
∑∞
n=2 〈n|ρˆs(T )|n〉, measures the QZD infidelity.
We expect the system dynamics to display memory ef-
fects and use the so-called BLP measure quantifying non-
Markovianity as accumulated revivals in distinguishabil-
ity of two initial states [37]. The optimal state pair which
maximizes the BLP measure for our choice of α and |z〉
is given by
|Ψ1(ϑ)〉 = cos
(
ϑ
2
) |0〉+ sin (ϑ2 ) |1〉 , |Ψ2〉 = |2〉 (5)
for all ϑ ∈ [0, 2pi) [34], and we take ϑ = 0 in the following.
We start by discussing the quantum simulator subject
to the classical drive S and only one Zeno pulse with
Zeno level |z = 2〉, cf. Fig. 2. An arbitrary degree of dis-
sipation, as indicated by SL, can be engineered by tuning
the displacement β induced by the classical drive and the
Rabi angle φz=2 due to the Zeno pulse. More specifically,
large dissipation can be realized by choosing a small φ2
while strong non-Markovianity can be engineered by set-
ting φ2 to multiples of 2pi. Dissipation occurs mostly
in the parameter range where the population leaves the
Zeno subspace [34], except for φ2 → 0, where no dis-
sipation occurs since the coupling of system and meter
vanishes. Both the infidelity of the QZD and the dissi-
pation are vanishingly small for Rabi angles φ2 > 4pi [34]
which is why this parameter range is omitted from Fig. 2.
The signatures of non-Markovianity are strongest for
Rabi angles φ2 = 2npi with n being an integer, cf. Fig. 2
(bottom). This is because a pulse Zz with φz = 2npi
corresponds to the map |h, z〉 7→ (−1)n |h, z〉 after the
time interval τ , i.e., the pulse changes only the phase of
the Zeno level and no entanglement between system and
meter is left [38]. For other Rabi angles, φz 6= 2npi, en-
tanglement remains between system and meter at the end
of the time interval τ . Measurement of the meter then
erases information, resulting in less distinguishable states
in NBLP and the system dynamics becoming Markovian.
In the Markovian limit, the dynamics can be described by
a master equation of Lindblad form by assuming quasi-
continuous measurements [34],
dρˆs(t)
dt
= −i
[
HˆS, ρˆs(t)
]
+ κγA
(
Aˆρˆs(t)Aˆ
† − 1
2
{
Aˆ†Aˆ, ρˆs(t)
})
+ κγΠ
(
Πˆρˆs(t)Πˆ
† − 1
2
{
Πˆ†Πˆ, ρˆs(t)
})
(6)
with κ = 1/τ , Πˆ = |z〉 〈z| and Aˆ = |z − 1〉 〈z|, and
γA =
1
2
sin2
φz
2
, γ∗Π = 2 sin
2 φz
4
, γΠ = γ
∗
Π
2 + γA. (7)
Given the definitions of Aˆ and Πˆ, κγA corresponds to
the rate of population transfer from the Zeno level to the
level below, and κγΠ to the dephasing rate of the Zeno
level. The master equation provides yet another angle
illustrating the functionality of the quantum simulator,
in addition to Fig. 2: The decay rates can be varied by
tuning the experimentally accessible parameters φz and
κ. In the non-Markovian regime (φ2 ' 2npi) and for a
given displacement β, the value of the non-Markovianity
measure increases approximately linearly with the Rabi
angle φ2 (see inset in Fig. 2). For constant φ2 in turn,
the non-Markovianity measure decreases as β gets larger
since it is inversely proportional to the Zeno pulse field
strength ωZ = φ2/τ ∝ φ2/β. However, with only a single
Zeno pulse, dissipation and memory effects cannot be
tuned independently.
This can be remedied by employing two state-selective
excitations simultaneously, cf. Fig. 1. Specifically, we as-
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FIG. 3. (Color online) Attainable combinations of dissipation
SL and non-Markovianity NBLP using two Zeno pulses Z2
and Z1 (grey dots) with the colored dots highlighting the
combinations for a Rabi angle φ2 = 2pi and three different
values of β. The color of the dots encodes the value of the
Rabi angle φ1 as indicated by the color bar, and lines connect
the dots with the same value of the displacement β as given
by the line style. The horizontal dashed lines indicate the
maximal value of NBLP when tuning φ2 to 2pi, 4pi and 6pi.
sume state-selective excitation of the Fock state |2〉 by
the Zeno pulse Z2 and of |1〉 by another Zeno pulse Z1
(for a system with a larger Hilbert space, any two dis-
tinct levels can be chosen). While Z2 controls memory
effects, Z1 induces dissipation. Large memory effects re-
quire a Rabi angle φ2 close to multiples of 2pi, whereas
small φ1, i.e., φ1 smaller than pi for our values of the
displacement β, results in strong dissipation. Note that,
despite employing two Zeno fields, still only a single mea-
surement needs to be carried out at the end of each time
interval τ . Fig. 3 shows that any combination of dissipa-
tion strength, quantified by the linear entropy SL, and
memory effects, quantified by the measure NBLP (calcu-
lated with ϑ = pi [34]), can be attained by varying the
displacement β and the two Rabi angles φ2 and φ1. The
gray dots in Fig. 3 show all combinations of SL andNBLP
obtained by sampling β from 1.26 · 10−2 to 0.251 in 20
steps, φ2 from 0 to 6pi in steps of 0.1pi and φ1 from 0
to pi in steps of 0.025pi. In order to illustrate how the
change in one of the three parameters affects the dissipa-
tion strength and memory effects, we inspect the special
case φ2 = 2pi for three different values of β, represented
by different lines, and varying φ1, as encoded in the color
bar in Fig. 3. When considering, for instance, the points
on the solid line, corresponding to the smallest consid-
ered value of β, an increase of the Rabi angle φ1 (moving
from the lightest point on the upper left end to the right)
leads to a large increase of dissipation but initially only
to a small increase degree in the non-Markovianity mea-
sure. When φ1 takes the value 0.175pi, the line reaches
a turning point where the dissipation takes its maximal
value with SL = 0.5. A further increase in φ1 results
in a decrease of both dissipation and non-Markovianity
measure. This is because the pulse Z1 starts to build
up a Zeno barrier at |1〉 which prevents dissipation. For
larger β, cf. the dashed and dotted lines, the dissipation
becomes stronger, and a larger value of φ1 is needed to
built up a Zeno barrier. Accordingly, the turning point
of these lines is shifted to larger values of SL and φ1. The
picture is very similar for larger Rabi angles φ2 = 2npi
but the maximally attainable degree of non-Markovianity
increases, as indicated by the dashed horizontal lines in
Fig. 3. When φ2 takes values inbetween multiples of 2pi,
the non-Markovian measure decreases quickly which al-
lows to realize dynamics without memory effects. Since,
in an experiment, the three parameters β, φ2 and φ1 can
be tuned essentially continuously, the areas inbetween
the gray dots can also be attained.
While we have restricted our analysis here to a two-
dimensional subspace of the system’s Hilbert space, gen-
eralization to larger subspaces is straightforward. Indeed,
to create a subspace with dimension z0, one simply needs
to choose the Zeno level |z0〉, i.e., adjust the frequency
of the Zeno pulse Zz0 , accordingly. The dimension of
the system should therefore at least be three in order
to enable non-trivial dynamics, but can be arbitrarily
large and even infinite as in the cavity QED applica-
tion [29]. Moreover, it is also possible to generate dis-
sipation and memory effects on multiple system states
|zi〉 with i ∈ {1, 2, . . . , N} by varying the frequency of
the Zeno pulse Zz0 as a function of time or by employing
multiple Zeno pulses Zzi and tailoring the Rabi angles
as explained above. The number N of maximally con-
trollable states is then limited by the dimension of the
‘meter’ subspace. In a cavity or circuit QED setup, this
subspace is formed by the dressed states and is thus in-
finite. In the BEC experiment [36], the limit is given by
the size of the second hyperfine manifold.
Conclusions — We have introduced a quantum simula-
tor for open quantum system dynamics based on a series
of indirect, state-selective measurements of a system by a
meter. The driven system dynamics becomes open when
tracing out the meter, i.e., our proposal relies on the for-
mal analogy between measurement and dissipation. The
open system dynamics can be tuned from memory-less
to displaying maximal memory effects by choosing the
amount of entanglement between system and meter at
the end of their interaction. This represents a direct re-
alization of memory effects in terms of repeated interac-
tions between system and environment and past-future
independence [39]. The amount of dissipation and the
degree of non-Markovianity can be engineered indepen-
dently by a suitable choice of the amplitudes of a clas-
sical drive for the system and two Zeno pulses probing
the system states dressed by the interaction with the me-
ter, whereas the frequency of the Zeno pulses determines
5which system levels are subject to dissipation. Our pro-
posal opens the way to experimentally realize quantum
simulation of open quantum systems, studying memory
effects in a controlled way. This would allow, for example,
to clarify the role of memory effects for the controllability
of an open quantum system [40] and address the question
whether and how memory effects alter control strategies
for open quantum systems.
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7Implementation of the quantum simulator in cavity
QED
The presented scheme is ideal for an experimental im-
plementation in cavity QED as proposed in Ref. [29].
The harmonic oscillator can be identified by a mode of
the cavity and the three-levels of the meter can be chosen
to be three neighbouring circular states of the Rydberg
atom, |49C〉 ≡ |h〉, |50C〉 ≡ |g〉, and |51C〉 ≡ |e〉, flying
through the cavity. In a fountain arrangement, the inter-
action time between cavity and atom is sufficiently long
to perform a series of indirect measurements [29]. Due to
the cryostatic environment and the long lifetime of circu-
lar states in Rydberg atoms, ‘true’ dissipation due to field
energy damping or atomic relaxation is negligible on the
relevant timescale. The atom will be excited to the Ryd-
berg regime when it is already located inside the cavity
which marks the beginning of one sequence of the pro-
tocol. In order to specifically address the |h, z〉 ↔ |+, z〉
transition using the Zeno pulse Zz and distinguish it from
the nearby |h, z〉 ↔ |−, z〉 and |h, z〉 ↔ |−, z − 1〉 tran-
sitions, the duration ∆tZ of the pulse Z has to be long
enough, namely ∆tZ  1/
(
Ω|√z + 1−√z|) [29]. The
end of one sequence with interaction time τ is triggered
by ionizing the atom within the cavity by field ionization.
In the simulations presented in the main text, we take
the transition frequencies of the three-level system and
the HO, ωhg = ω
′ and ωge = ωHO = ω, and the Rabi
frequency Ω from Ref. [29]. The values of ω and ω justify
the assumption of ω  ω′.
Identification of the optimal state pair in the
non-Markovianity measure
In order to quantify memory effects, we use the BLP
measure [37]. Evaluation of this measure requires com-
paratively little numerical effort—propagation of two well
chosen initial states whereas the geometrical measure for
non-Markovianity given by the state space volume [43],
for instance, requires to propagate a full set of basis
states. The measure proposed in [44] based on maximally
entangling the system with an ancillary system leads to
a further increase of the total dimension of the Hilbert
space and is hence not practical for our purposes either.
An obstacle for using the BLP measure is that it requires
optimization over the system Hilbert space in order to
identify the optimal initial state pair. On first glance,
this seems difficult for the infinitely large Hilbert space
of a harmonic oscillator. Nonetheless, the BLP measure
turns out to be suitable in our case since we can reduce
the size of the subspace in which we have to perform the
optimization significantly by using our knowledge about
the tailored interaction of the HO and the meter.
The reduction of the system size goes as follows,
cf. Fig. 4. We know that the Zeno pulse only affects
|h, 0〉
|h, 1〉
|h, 2〉
|h, 3〉
|h, 4〉
..
.
|g, 0〉
|+, 1〉
|−, 1〉
|+, 2〉
|−, 2〉
..
.
Z2
S
FIG. 4. Energy level diagram of the bipartite system indicat-
ing different subspaces: The Zeno subspace HZ (red shaded),
the Zeno level |z〉 (blue shaded), the extended Zeno subspace
H+Z (black dashed box) and the subspace with purely unitary
dynamics (grey shaded).
the Zeno level and the level below since the dressed state
we couple to is defined as |+, z〉 = 1√
2
(|e, z − 1〉+ |g, z〉).
If the initial state is located within the Zeno subspace
HZ , signatures of non-Markovianity can only arise from
population in states within the extended Zeno subspace
H+Z = {|0〉 , . . . , |z〉}, whereas the dynamics in the re-
maining Hilbert space are purely unitary. Numerical
tests confirm this conjecture. It is thus sufficient to con-
sider only the extended Zeno subspace for the optimiza-
tion. As in the main paper, we seek to find the optimal
state pair for the special case of z = 2. Here, the ex-
tended Zeno subspace is only three-dimensional.
The optimization can be further simplified by consid-
ering properties of optimal state pairs for the BLP mea-
sure in general. To calculate the BLP measure, revivals
of distinguishability of two initial states during a fixed
time are accumulated. The distinguishability is calcu-
lated using the trace distance of the state pair at a given
time. From this we can conclude that the trace distance
of the optimal state pair shows revivals for the longest
time with a maximal peak amplitude as compared to all
other state pairs. Ideally, the states oscillate between
being fully distinguishable, with trace distance equal to
1, and fully indistinguishable, with trace distance equal
to 0. Thus, the dynamics of the two states which form
the optimal pair should be as different from each other
as possible. In our model, the Zeno level and a state
within the Zeno subspace form such a pair. The for-
mer is subject to the quantum Zeno effect which means
that the population in the Zeno level is frozen. For the
latter, quantum Zeno dynamics (QZD) are induced and
the population never leaves the Zeno subspace. Thus, in
an ideal Zeno situation, this pair of initial states stays
distinguishable forever. However, in our realistic model
with time-resolved dynamics, the Zeno pulse introduces
Rabi oscillations in the bipartite system. Thus, the over-
lap between the two states varies with time, leading to
oscillations of the trace distance which indicate informa-
tion flow and non-Markovianity. More explicitly, every
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|ψ(ϑ = pi2 , ϕ = ±pi2 )〉|ψ(ϑ, ϕ = {0, pi})〉
max. min.NBLP
FIG. 5. BLP measure NBLP for different initial states |Ψ1〉 =
|ψ(ϑ, ϕ)〉 on the Bloch sphere spanned by the Zeno subspace
{|0〉 , |1〉}. The second state of the state pair is the Zeno
level |Ψ2〉 = |2〉 outside of this subspace. The parameters are
β = 0.025 and φ2 = 4pi.
time the Zeno pulse Z2 induces a pi-pulse on the bipar-
tite system, half of the population that has been in the
Zeno level, |h, 2〉, is driven towards the level below, |e, 1〉.
Thus, the distinguishability from a state within the Zeno
subspace decreases. If φ2 > pi, the population oscillates
back to the state |h, 2〉, such the distinguishability in-
creases again and the trace distance undergoes a revival.
To summarize, the optimal state pair consists of the Zeno
level on the one hand and a state from the Zeno subspace
on the other hand.
Having reduced the optimization to an optimization
over a two-dimensional space to identify the second state
of the optimal pair, we proceed by parametrizing this
state by its Bloch angles,
|ψ(ϑ, ϕ)〉 = cos (ϑ2 ) |0〉+ sin (ϑ2 ) eiϕ |1〉 .
Next, we calculate the BLP measure numerically for dif-
ferent initial state pairs {|Ψ1〉 = |ψ(ϑ, ϕ)〉 , |Ψ2〉 = |2〉}.
The result is shown in Fig. 5. Note that the absolute
value of the BLP measure has no physical meaning since
it depends, amongst others but most notably, on T . It
is apparent from Fig. 5 that there are several optimal
state pairs, namely all states on the black circle with
ϕ = {0, pi} and ϑ ∈ [0, pi]. The two states with ϕ = ±pi2
and ϑ = pi2 have the lowest BLP measure. This obser-
vation can be explained with the help of Fig. 6: When
starting in the state |Ψmax〉 ≡ |ψ(ϑ = 0, ϕ = 0)〉 = |0〉
which is one of the optimal states, the population in the
states |0〉 and |1〉 oscillate with α, cf. the dashed lines
in Fig. 6 (top). When starting in the Zeno level |2〉, the
population oscillates quickly between |1〉 and |2〉 due to
the Zeno pulse (solid lines, see also the inset). The trace
distance of this state pair is maximal when the first state
is in |0〉 because it has no overlap with |1〉 or |2〉, seen e.g.
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FIG. 6. Top: Evolution of the population in the Fock states
with n = 0, 1 and 2 (red, blue and green, respectively) when
starting initially in |2〉 (solid lines), |Ψmax〉 = |0〉 (dashed) and
|Ψmin〉 = 1√
2
(|0〉+ i |1〉) (dotted). Note that the dotted lines
for n = 0 and 1 are constantly equal to 0.5. The background
seems to be filled because the blue and green solid lines, cor-
responding to the populations in n = 1 and 2 when start-
ing in |2〉, oscillate rapidly (see inset). The vertical dashed
lines in the inset shows the position of the measurements.
Bottom: Evolution of the trace distance for the state pairs
{|Ψmax〉 , |2〉} (red) and {|Ψmin〉 , |2〉} (blue), respectively. The
filled areas are again due to the fast oscillation. The param-
eters are the same as in Fig. 5.
at 0 ms in Fig. 6 (red area in the lower plot). On the other
hand, the trace distance decreases to 0.5 when the first
state is in |1〉 because it is, averaged over the fast oscilla-
tion, overlapping with half of the second state of the pair.
Thus, the trace distance oscillates slowly with α between
0.5 and 1, with a fast underlying oscillation with ωZ . In
contrast, |Ψmin〉 ≡ |ψ(ϑ = pi2 , ϕ = pi2 )〉 = 1√2 (|0〉+ i |1〉),
which leads to the minimal BLP measure, behaves differ-
ently since it is an eigenstate of the process in the Zeno
limit, cf. dotted lines in Fig. 6 (top). Thus, half of the
state overlaps with the |1〉-contribution when starting in
the Zeno level all the time and the trace distance is con-
stant with about 0.81, with a fast underlying oscillation
of the Zeno pulse, cf. Fig. 6 (blue area in the lower plot).
Since the red area is larger than the blue one, the state
|Ψmax〉 leads to a higher BLP measure than |Ψmin〉.
These observations can be easily generalized to all
states on the black circle in Fig. 5 since the cavity drive
S, cf. Eq. (2) in the main text, induces a rotation around
the y-axis of the Bloch sphere for our choice of α. There-
fore, every initial state lying on this circle will stay on
it, leading to the same BLP measure for all of them. In
more general terms, the rotation axis ~n depends on the
9phase of α via ϕα = arccos
(
Reα
|α|
)
,
~n = (cosϕα, sinϕα, 0) = (Reα, Imα, 0) /|α|.
The optimal state pair is obtained when choosing ϕ =
ϕα + pi/2 for the state in the Zeno subspace.
When considering two Zeno pulses, Z1 and Z2, to
induce non-Markovianity and dissipation, the optimal
state pair is possibly different since all three states
in the extended Zeno subspace H+Z take part in the
non-unitary dynamics induced by the Zeno coupling
and the measurement. A re-optimization was per-
formed for the specific case of {β = 0.025, φ2 =
4pi, φ1 = 0.25pi} providing both dissipation (SL =
0.48) and a large amount of non-Markovianity (about
twice as large as without having the second Zeno pulse
Z1). When optimizing |Ψ1〉 as before, the optimal
state pair for this set of parameters was found to
be {|Ψ1〉 = |ψ(ϑ = 0.56pi, ϕ = 1.92pi)〉 , |Ψ2〉 = |2〉}. To
be exact, this optimization would have to be per-
formed for all considered parameters {β, φ2, φ1} and
with considering choices other than |Ψ1〉 = |ψ(ϑ, ϕ)〉
and |Ψ2〉 = |2〉 for the optimal state pair. How-
ever, the minimal and maximal value of the BLP mea-
sure differ by about 1% only and since the absolute
value of the BLP measure is not important, we choose{
|Ψ1〉 = 1√2 (|0〉+ |1〉) , |Ψ2〉 = |2〉
}
throughout for sim-
plicity.
Derivation of the Lindblad master equation
We now provide the detailed derivation of the Lindblad
master equation (6) starting from the piecewise dynamics
of Eq. (4). The first step is to evaluate the partial trace
and to derive the Krauss representation of the map. To
this end, we have to expand the time evolution operator
Uˆ(dt) using the Baker-Campbell-Hausdorff formula up to
first order,
Uˆ(dt) = e−i(HˆCS+HˆAC+HˆZ)dt
≈ e−iHˆZdte−iHˆCSdte−iHˆACdt
Using
[
HˆAC, |h〉 〈h|
]
= 0 and the fact that we start each
sequence with the initial state ρˆ(t) = ρˆC(t) ⊗ |h〉 〈h|, we
can evaluate the partial trace explicitly. We arrive at
ρˆC(t+ dt) =
∑
j=h,g,e
wjh UˆCS(dt) ρˆC(t) Uˆ
†
CS(dt)w
†
jh (8)
with UˆCS(dt) = e
−iHˆCSdt and wjh = 〈j| UˆZ(dt) |h〉 with
UˆZ(dt) = e
−iHˆZdt. Diagonalisation of UˆZ(dt) leads to [29]
UˆZ(dt) = e
−i φz2 Pˆ+ + ei
φz
2 Pˆ- + Pˆ⊥
with the Rabi angle φz = ωZdt, the projectors Pˆ± =
|u±〉 〈u±|, Pˆ⊥ = 1ˆ − Pˆ+ − Pˆ- and the states |u±〉 =
1√
2
(|h, z〉 ± |+, z〉). This expression can be used to eval-
uate the operators wjh,
whh = 1ˆC −
(
1− cos φz2
)
Πˆ , (9a)
wgh =
1√
2
sin φz2 Πˆ , (9b)
weh =
1√
2
sin φz2 Aˆ , (9c)
where Πˆ and Aˆ are photonic operators, Πˆ = |z〉 〈z| and
Aˆ = |z − 1〉 〈z|. Note that Eq. (8) can be interpreted
both as the description of a measurement process with
three measurement operators and as the Krauss repre-
sentation of the evolution of an open quantum system.
Furthermore, a time-continuous master equation in
Lindblad form can be derived by assuming the measure-
ment to be performed continuously with constant rate
κ = 1τ such that the number of measurements in a time
interval dt is κdt. This can be interpreted as “smearing”
of one measurement over the whole time interval τ . As
a result, the master equation will not describe the same
evolution as the piecewise dynamics for large values of
τ . Using this assumption and going to the interaction
picture with respect to the coherent evolution HˆCS, we
can rewrite Eq. (8) to [45]
ρˆC(t+ dt) = κ dt
∑
j=h,g,e
wjh ρˆC(t)w
†
jh + (1− κ dt) ρˆC(t) .
Finally, we calculate the derivative of the reduced state
as dρˆC(t)dt = limdt→0
ρˆC(t+dt)−ρˆC(t)
dt and go back to the
non-interacting picture [45],
dρˆC(t)
dt
=− i
[
HˆCS, ρˆC
]
+ κ
 ∑
j=h,g,e
wjh ρˆC(t)w
†
jh − ρˆC(t)
 .
After inserting the Krauss operators of Eq. (9) and re-
arranging the terms using that Πˆ is idempotent and
Πˆ = Aˆ†Aˆ, we arrive at the master equation as shown
in Eq. (6).
To assess the agreement of the master equation (6)
with the piecewise dynamics of Eq. (4), we propagate the
initial state |0〉 with z = 2 using both methods. Fig. 7
shows the difference in infidelity of the QZD, PZ¯ , and in
the linear entropy SL between the two pictures. It can be
seen that they show good agreement for small Rabi angles
φ2 or displacements β. However, the two pictures devi-
ate when our assumptions during the derivation of the
master equation are violated. Firstly, the agreement de-
teriorates for large β, since this contradicts the assump-
tion of continuous measurements, dt → 0. Secondly, we
have used the Baker-Campbell-Hausdorff formula up to
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FIG. 7. Difference obtained when solving the master equation
and using the piecewise dynamics for the Zeno infidelity PZ¯
(left) and the dissipation SL (right) as a function of the dis-
placement β due to the classical drive S and the Rabi angle
φ2 accumulated due to the Zeno pulse Z2.
first order to derive the Krauss representation. We thus
make an error which is of the order of the commutator of
HˆS and Hˆz which scales as φzβ. Therefore, the deviation
also gets larger as φ2 increases.
Effects leading to Zeno confinement
Quantum Zeno dynamics describe the effect of confin-
ing the dynamics of a system to a tailored subspace by
frequent measurements. The dynamics shown in Fig. 2
and 7 agree with this intuitive picture since the Zeno
infidelity vanishes as the displacement β, which is pro-
portional to the time inbetween two measurements, goes
to zero. However, Zeno confinement occurs also in other
regions as will be explained in the following.
(i) QZD can not only be induced by frequent mea-
surements but also by strongly coupling the system to a
meter. In fact, the two cases are formally equivalent in
the limit of a fast repetition rate and strong coupling [46].
In our case, the strength of the coupling between the HO
and the three-level system is given by the field strength
of the Zeno pulse, ωz = φz/τ , which is proportional to
the Rabi angle φz. Thus, the quality of the Zeno con-
finement is very good for large values of the Rabi angle
φz even if β is large.
(ii) The coupling of the Zeno level to the dressed state
|+, z〉 induces a decay of the Zeno level’s population to
the level below. This can be explained by considering the
piecewise dynamics of Eq. (4) and the effect of the Zeno
pulse Zz. If the initial state |h, z〉 is evolved under the
action of the Hamiltonian Hˆz in Eq. (3) (while neglecting
the action of the source S), the atom-field state at time
τ is given by
|Ψ|h,z〉(τ)〉 = cos
(
φz
2
)
|h, z〉+ sin
(
φz
2
)
|+, z〉 , (10)
where φz = ωzτ is the Rabi angle. All other states
|h, n 6= z〉 are unaffected by Hˆz. It can be seen that,
when performing a Zeno pulse with Rabi angle φz 6= 2npi,
a fraction of sin2
(
φz
2
)
of the population that has been
in the state |h, z〉 ends up in the state |+, z〉. According
to the definition of the dressed states, half of the pho-
tons are in the state |z − 1〉 here, i.e. back in the Zeno
subspace, which enhances the Zeno confinement. In the
Lindblad master equation 6, the same effect is achieved
by the Lindblad operator Aˆ as can be seen from the reap-
pearing sin2
(
φz
2
)
-contribution in the decay rate γA. As
a consequence, if the initial state is lying above the Zeno
level, n0 > z, the Zeno pulse has to be changed to be res-
onant to the |h, z〉 ↔ |+, z + 1〉 transition, to also benefit
from this enhancement.
(iii) For pi < φz < 2pi, the phase of the |h, z〉 contri-
bution in Eq. (10) is negative due to the cosine. This
leads to an inversion of the dynamics back into the Zeno
subspace which improves the QZD additionally.
